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The i n i t i a l  depos i t  ma te r i a l  on coal .  f i r e d  b o i l e r  tubes  
c o n s i s t  l a r g e l y  of s i l i c a t e ,  su lpha te  and iron oxide p a r t i c l e s .  The 
fused s i l i c a t e s  and molten su lpha tes  form immiscible phases a t  h igh  
temperatures f i r s t  on the  micro-scale in i nd iv idua l  p a r t i c l e s  and 
subsequently a s  s epa ra t e  l a y e r s  in the depos i t .  The adhesion of a s h  
depos i t  c o n s t i t u e n t s  t o  b o i l e r  tubes starts with the  smal l  p a r t i c l e  
r e t e n t i o n  a s  a r e s u l t  of the  van der  Waals, e l e c t r o s t a t i c  and l i q u i d  
f i lm  su r face  t ens ion  fo rces .  
between the oxidized metal  surface and iron sa tu ra t ed  l a y e r  of a sh  
depos i t .  

Subsequently a s t rong  bond w i l l  develop 

The pulver ized  coa l  f i r e d  b o i l e r s  a t  e l e c t r i c i t y  u t i l i t y  power s t a t i o n s  
a r e  designed f o r  "dry" ash  opera t ion  where the  bulk  of minera l  mat te r  res idue  is 
removed in t h e  e l e c t r i c a l  p r e c i p i t a t o r s  in the  form of p a r t i c u l a t e  ash .  However, 
i t  is i n e v i t a b l e  t h a t  some depos i t s  of s i n t e r e d  a sh  and semi-fused s l a g  form on 
the  heat exchange tubes  and between 20 and 30 per cent  of coa l  a sh  is discharged 
from the combustion chamber a s  c l i n k e r .  
b o i l e r s  a r e  designed f o r  "wet" a sh  opera t ion  and up t o  80 per cen t  of coa l  a sh  is 
discharged from the  furnace  a s  molten s lag .  

The h igh  temperature cyclone f i r e d  

The build-up of s i n t e r e d  a sh  and fused s l ag  depos i t s  depends c h i e f l y  on 
t h e  r a t e  of a s h  p a r t i c l e  impaction and the  adhesive c h a r a c t e r i s t i c s  of the  
c o l l e c t i n g  su r face .  The i n i t i a l  depos i t  on the  hea t  exchange tubes in pulver ized  
c o a l  f i r e d  b o i l e r s  c o n s i s t s  of a sh  p a r t i c l e s  of diameter ranging from l e s s  than 
0.1 pm t o  100 pm. Subsequently the depos i ted  a sh  may be  re-entrained in the  f l u e  
gas  or it may form f i r s t  a s in t e red  mat r ix  and l a t e r  a fused s l a g  depos i t  c h i e f l y  
by  viscous flow. 
a t  the c o l l e c t i n g  su r face  and subsequently the  depos i t  mat r ix  bonded t o  the 
b o i l e r  tubes  by  adhes ive  fo rces  s u f f i c i e n t l y  s t rong  t o  overcome the  g r a v i t a t i o n a l  
p u l l ,  b o i l e r  v i b r a t i o n  and even tua l ly  the  sootblower je t  impaction. This  work 
sets out t o  examine t h e  adhesive c h a r a c t e r i s t i c s  of d i f f e r e n t  c o n s t i t u e n t s  of t he  
flame heated a sh  and the  formation of s in t e red  depos i t s  and s l a g  bonded t o  the  
h e a t  exchange tubes.  

INITIAL DEPOSIT CONSTITUENTS 

For the  depos i t  formation the  a sh  p a r t i c l e s  must be f i r s t  hdld 

The mineral  mat te r  in coa l  c o n s i s t s  c h i e f l y  of s i l i c a t e ,  su lphide ,  
carbonate spec ie s ,  and ch lo r ides  and organo-metal compounds a s soc ia t ed  with the 
f u e l  substance (1,Z). 
completely,  in t he  pulver ized  coa l  flame ( 3 ) ,  and thus  the  s i l i c a t e  a sh  f r a c t i o n  
of the i n i t i a l  depos i t  c o n s i s t s  of p a r t i c l e s  of v a r i a b l e  amounts of a g l a s sy  
phase and c r y s t a l l i n e  spec ie s  ( 4 ) .  

The s i l i c a t e  mineral  p a r t i c l e s  v i t r i f y  p a r t i a l l y  or 

The su lph ide ,  carbonate ,  ch lor ide  and o rgano lne ta l  spec ie s  d i s s o c i a t e  
The oxides may remain a s  d i s c r e t e  p a r t i c l e s ,  c h i e f l y  and oxidize in t he  flame. 

iron oxide (magnet i te ) ,  can d i s so lve  in the  g l a s sy  phase of s i l i c a t e s ,  and a 
f r a c t i o n  of calcium and sodium oxides a r e  sulphated (5) .  Thus t h e  i n i t i a l  
depos i t  ma te r i a l  w i l l  conta in  some calcium, sodium and potassium su lpha te .  
l a t t e r  o r i g i n a t e s  from the  r e l ease  of potassium in the  flame heated alumino- 
s i l i c a t e  p a r t i c l e s  (6).  

The 
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The r e l a t i v e  concent ra t ions  of flame hea ted  a sh  c o n s t i t u e n t s ,  namely 
s i l i c a t e s ,  i r o n  oxide and su lpha te  can be es t imated  from the  a sh  a n a l y s i s .  
However, the composition of the i n i t i a l  depos i t  m a t e r i a l  can be  markedly 
d i f f e r e n t  a s  a r e s u l t  of s e l e c t i v e  depos i t i on .  I n  p a r t i c u l a r ,  t he  depos i t  
ma te r i a l  can be enriched i n  su lpha te  as shown in Fig. 1. The r e l a t i v e  
concent ra t ions  of d i f f e r e n t  depos i t  cons t i t uen t s  were obtained by ana lys ing  the  
ma te r i a l  on a cooled meta l  tube probe in se r t ed  i n  b o i l e r  f l u e  gas f o r  s h o r t ,  2 t o  
15 minute dura t ion  (7). The su lpha te  conten t  of the f l u e  gas borne a s h  and probe 
depos i t s  i n  a cyclone f i r e d  b o i l e r  w a s  h igher  than t h a t  in t he  pulver ized  coa l  
f i r e d  b o i l e r  ash  and depos i t s .  
s i l i c a t e  ash  i s  discharged a s  molten s l a g  b u t  t he  r e s i d u a l  a sh  is r e l a t i v e l y  r i c h  
in su lpha te .  

This was because in cyclone b o i l e r s  t he  bulk  of 

The r a t e  of a l k a l i - m e t a l  su lpha te  depos i t i on  w i l l  decrease  when the  
temperature of c o l l e c t i n g  t a r g e t  sur face  exceeds 1075 K a s  shown i n  Fig.  2. The 
decrease in the  depos i t i on  of a l k a l i - m e t a l  su lpha te s  is r e l a t e d  t o  t h e  
concent ra t ion  of the  v o l a t i l e  a l k a l i - m e t a l s  i n  t h e  f l u e  gas  and the  s a t u r a t i o n  
vapour pressure  of sodium and potassium su lpha te s  (8).  The i n i t i a l  depos i t  on 
cooled su r faces  conta ins  a small  amount of ch lo r ide  as shown in Fig .  2. 

I n  a reducing atmosphere the  depos i t  ma te r i a l  may conta in  i r o n  su lphide  
(FeS) formed on d i s s o c i a t i o n  of coa l  p y r i t e  mineral .  This i s  l i k e l y  t o  occur on 
t h e  combustion chamber wal l  tubes near the  bu rne r s  where the  r e a c t i o n  time is 
s h o r t ,  below one second, f o r  ox ida t ion  of FeS r e s idue  t o  the  oxide.  It has  been 
suggested t h a t  calcium su lphide  (Cas) may a l s o  b e  present  i n  t h e  a sh  ma te r i a l  
depos i ted  from a reducing atmosphere gas stream as a r e s u l t  of su lph ida t ion  of 
calcium oxide ( 9 ) .  

THERMAL STABILITY OF SULPHATES AND IMMISCIBILITY WITH SILICATES 

Bituminous coa l s  u sua l ly  leave a h igh ly  s i l i c i o u s  a s h  on combustion. 
That is, fused a lumino-s i l ica tes  c o n s t i t u t e  a n  a c i d i c  media a t  high temperatures 
t h a t  i s  capable of absorbing l a r g e  q u a n t i t i e s  of b a s i c  meta ls  i n  the  form of 
oxides ,  c h i e f l y  those of sodium, calcium and magnesium. A t  lower temperatures 
the  corresponding su lpha tes  a r e  thermodynamically more s t a b l e  in the  presence of 
sulphur gases.  The equi l ibr ium d i s t r i b u t i o n  of a l k a l i n e  oxides  between molten 
su lpha te s  and fused s i l i c a t e s  a t  d i f f e r e n t  temperatures can be ca l cu la t ed  from 
the  appropr ia te  thermodynamic da ta .  However, t h e  res idence  t i m e  of t he  flame 
borne mineral  spec ie s  before  depos i t ion  i s  shor t  and the  a l k a l i - m e t a l  
d i s t r i b u t i o n  does not reach the  equi l ibr ium s t a t e .  

The fused s i l i c a t e  p a r t i c l e s  w i l l  absorb the  flame v o l a t i l i z e d  sodium 
t o  the  depth of about 0.05 pm (10). and t h e  remainder is converted t o  su lpha te  
p a r t l y  i n  the  f l u e  gas  and p a r t l y  a t  the sur face  of a sh  p a r t i c l e s .  The 
d i s t r i b u t i o n  of sodium in the  s i l i c a t e  and su lpha te  phases can be  expressed  i n  a 
form: 

where msil + msul = m 

... 1) 

... 2) 

msul and m denote the  amount of sodium i n  s i l i c a t e  and su lpha te  f r a c t i o n s ,  
::j1;he t o t a l  so8ium i n  a s h  r e spec t ive ly ;  k is a cons tan t  and w i s  the  a sh  
conten t  of coa l .  When the  sodium t o  ash  r a t i o  is below 1 t o  100 the  bu lk  of 
sodium is  captured by the s i l i c a t e  p a r t i c l e s  and equat ion  2 reduces to :  
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... 3 )  m s i 1  = mo 

and consequently the  amount of sodium a v a i l a b l e  f o r  the  formation of su lpha te  is 
s m a l l .  

The molten sodium sulphate/sodium s i l i c a t e  system of composition 
Na2S0,/Na20-Si02 has  one l i q u i d  phase a t  1475 K, b u t  a s  t he  propor t ion  of s i l i c a  
inc reases ,  the  melt  s e p a r a t e s  i n t o  two l a y e r s  (11,lZ).  The change from the  
misc ib le  t o  immiscible phase of the  system hss been explained by a l t e r a t i o n s  in 
t h e  s i l i c a t e  s t r u c t u r e  a s  the  r a t i o  of Na20 t o  S i 0 2  decreases.  I n  more b a s i c ,  
less v iscous  melts, t h e  s i l i c a t e  ions e x i s t  in the  form of ~ 0 , ~ -  t e t rahedrons  
which have the  same mob i l i t y  a s  su lpha te  ions, and thus homogeneity of  t he  system 
is t o  be  expected. As the  s i l i c a  content is increased  the  complexity of the  
s i l i c a t e  s t r u c t u r e  reaches  a po in t  where t h e  s i l i c a  an ions  become r e l a t i v e l y  
immobile f o r  a sepa ra t ion  of su lpha te  from s i l i c a  to  take  place.  

The m i s c i b i l i t y  of the  corresponding potassium su lpha te - s i l i ca t e  system 
has  been s tud ied  by  t h e  usua l  c ruc ib l e  method as w e l l  as by a technique of a 
hanging d rop le t  (13). The d r o p l e t s  of potassium s u l p h a t e / s i l i c a t e  mixtures ,  3 mm 
i n  diameter,  were suspended from 0.5 mm platinum wire which had a semi-spherical  
head 1.5 mm in diameter .  Separa t ion  of t he  s i l i c a t e  ( i n t e r n a l )  and su lpha te  
phases in the  d r o p l e t s  can be observed d i r e c t l y  in the  L e i t z  hea t ing  microscope 
which is used, in i t s  convent iona l  mode of opera t ion ,  t o  a s ses s  t h e  fus ion  
c h a r a c t e r i s t i c s  of c o a l  a shes  (14) .  Fig.  3 shows the two phase sepa ra t ion  of 
2K S04-K20-2.1Si02 system a t  1575 K where the  ou t s ide  envelope is the t ransparent  
su lpha te  phase through which the  platinum w i r e  hea t s  ( top )  and a globule of 
molten s i l i c a t e  (bottom) can be  seen. As the temperature was increased  t o  1725 K 
t h e  two phases became misc ib l e  because of the  increased  s o l u b i l i t y  of su lpha te  in 
t he  s i l i c a t e  melt  a t  t h e  h igher  temperature.  

t h e  system is misclfble a t  1375 K when the molar r a t i o  of K20 t o  S i O q  is above 
0.5. As in the  corresponding sodium sulphate/sodium s i l i c a t e  system, l e s s  b a s i c  
m e l t s  s epa ra t e  i n t o  two immiscible l i q u i d s .  This  is t he  case wi th  most coa l  ash  
s l a g s  where the  molar r a t i o  of b a s i c  oxides  (sum of  Na 0, K20, CaO and MgO) t o  
SiOz is w e l l  below 0.5. Exceptions t o  t h i s  a r e  the  sohum and calcium r i c h  ashes 
of some l i g n i t e  and non-bituminous c o a l s ,  which can  have s u f f i c i e n t  amounts of 
a l k a l i s  t o  form a s i n g l e  phase m e l t  of misc ib le  su lpha te s  and s i l i c a t e s  a t  high 
temperature 8 .  

The K SO -K20-Si0 phase diagram is depic ted  i n  Fig. 4 which shows t h a t  

ADHESION BY VAN DER WAALS AND ELECTROSTATIC FORCES 

The ash  p a r t i c l e s  depos i ted  on b o i l e r  tubes a r e  i n i t i a l l y  held in place 
b y  sur face  fo rces ,  i.e. van de r  Waals and e l e c t r o s t a t i c  a t t r a c t i o n  forces .  
Van der Waals fo rces  become important when molecules o r  s o l i d  su r faces  a r e  
brought c lose  toge ther  without a chemical i n t e r a c t i o n  tak ing  p lace .  For a 
hemispherical  p a r t i c l e  of r a d i u s  ( r )  he ld  at a d i s t ance  of nea res t  approach (h)  
from a p lane ,  the  r e s u l t a n t  f o r c e s  (F) is given  by: 

Ar 
6 h2 

F = -  ... 4) 

where A i s  the Hamaker cons tan t  (15) .  

Equation 4 a p p l i e s  over s h o r t  d i s t a n c e s ,  up t o  150 A (1.5 x m) and 
f o r  longer d i s t ances  t h e  " re ta rded"  van d e r  Waals fo rces  decay r a p i d l y  (16). An 
equat ion  based on the d i e l e c t r i c  p r o p e r t i e s  of s o l i d s  f o r  the r e t a rded  
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van der Waals fo rces  (F ' )  between a sphere of r ad ius  ( r )  a t  the  d i s t a n c e  (h)  from 
a f l a t  sur face  is (17): 

... 5 )  

where B is the  appropr i a t e  cons tan t  f o r  the given ma te r i a l .  

The changeover from the  unretarded t o  re ta rded  van de r  Waals fo rces  
occurs a t  a d i s t ance  of about 150 A (1.5 x m ) ,  and the  corresponding value 
of the Hamaker cons tan t  (A)  i n  equat ion  4 was found to  be N (Newton). and 
t h a t  of the L i f s h i t z  cons tan t  (B) i n  equat ion  5 was 8.9 x N m (16,18).  
These va lues  have been used to  compute the  r a t i o  of van der Waals f o r c e s  t o  the  
g r a v i t a t i o n a l  force  on small  a sh  p a r t i c l e s  approaching a f l a t  su r f ace .  

The g r a v i t a t i o n a l  force  (Fg) on an a sh  p a r t i c l e  of r ad ius  ( r )  and the 
dens i ty  (D) i s  given by: 

... 6 )  

where g is  the  g r a v i t y  acce le ra t ion  cons tan t  (9.81 m a-2). 
(Fr )  of the sho r t  d i s t ance  van der Waals fo rces  (F) t o  the g r a v i t a t i o n a l  force  
(Fg) on a p a r t i c l e  is: 

Thus, the  r a t i o  

... 7 )  

where the  value of D f o r  ash  was taken t o  be  2500 kg m-3 and when 
h < 1.5 x m. The corresponding r a t i o  (F r ' )  of the  re ta rded  van de r  Waals 
fo rces  ( F ' )  t o  t he  g r a v i t a t i o n a l  force  is given by: 

where 

on small  
i nd ica t e  

_ =  F' 2B 8.15 
F g F r ' = - =  Dgr2h3 r2h3 

h > 1.5 x m. 

... 8) 

Fig. 5 shows a comparison of van der Waals and the  g r a v i t a t i o n a l  fo rces  
ash p a r t i c l e s  as these  approach a c o l l e c t i n g  sur face .  P l o t s  A and B 
t h a t  the  sub-micron s i zed  p a r t i c l e s  a r e  r e a d i l y  held on a su r face  by 

van der Waals fo rces .  The capture  of small p a r t i c l e s  of a sh  on b o i l e r  tubes  is 
fu r the r  enhanced by  sur face  i r r e g u l a r i t i e s  of oxidized metal  (19) .  Also, i t  has  
been suggested t h a t  an  e l e c t r o s t a t i c  a t t r a c t i o n  force  enhance the t r a n s p o r t  and 
r e t e n t i o n  of sub-micron s ized  p a r t i c l e s  on s t e e l  probes in se r t ed  in t he  f l u e  gas  
of coa l  f i r e d  b o i l e r s  (7,20). 
ash  can have a cohesive s t r eng th  between 5 and 40 times h igher  than  t h a t  formed 
by  sedimentation because p a r t i c l e s  in an e l e c t r i c  f i e l d  have permanent d ipo le  
characteristics which lead  t o  these  be ing  o r i en ta t ed  t o  form a cohes ive  l a y e r  of 
a s h  (21) .  
e l e c t r o s t a t i c  fo rces  of a t t r a c t i o n ,  and sur face  i r r e g u l a r i t i e s  a r e  s u f f i c i e n t  t o  
hold the  sub-micron diameter p a r t i c l e s  on the  sur face  of b o i l e r  t ubes  f o r  the  
subsequent l i q u i d  phase adhesion, and chemical and mechanical bond formation. 

A l a y e r  of e l e c t r i c a l l y  p r e c i p i t a t e d  d e p o s i t  of 

It appears t he re fo re  t h a t  the  combined e f f e c t s  of van de r  Waals and 
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ADHESION BY SURFACE TENSION FORCE 

The format ion  of s t rong  adhesive bonds of enamel coa t ings  and 
g lasa /meta l  s e a l s  on hea t ing  r equ i r e s  the  presence of a l i q u i d  phase ( 2 2 , 2 3 , 2 4 ) .  
The ro l e  of the l i q u i d  f i l m  is t o  provide the i n i t i a l  adhesion of s o l i d  p a r t i c l e s  
a s  a r e s u l t  of su r f ace  tens ion .  The work of adhesion (W,) is given by: 

W, = 1T + ( 1  + COS e) ... 9 )  

where y is the  su r face  tens ion  of the  l i q u i d ,  and 8 is t he  con tac t  angle a t  t h e  
s o l i d l l i q u i d  i n t e r f a c e .  
t he  h ighes t  value: 

With p e r f e c t  wet t ing ,  i .e. when e equa l s  zero ,  Wa has 

wa = 1T + 2y ... 10)  

The work of cohesion of a l i q u i d  (W,) is given by: 

wc - 2 Y  ... 11) 
With wet t ing  l i q u i d s ,  t he re fo re ,  Wa can b e  h igher  than Wc and f a i l u r e  w i l l  
take place wi th in  the  l i q u i d  l a y e r ,  whereas with non-wetting l i q u i d s  the  rup tu re  
occurs a t  the s o l i d / l i q u i d  in t e r f ace .  

Alka l i -meta l  su lpha tea  f requent ly  c o n s t i t u t e  a l i q u i d  phase in a s h  

I n  a reducing  atmosphere and when i n  con tac t  wi th  carbon, 
depos i t s ,  and the  molten su lpha te s  r e a d i l y  wet  and spread on the  sur face  of 
b o i l e r  tubes .  
su lpha tes  a r e  reduced t o  sulphide6 which w e t  and spread on any su r face .  The 
c o e f f i c i e n t  of su r f ace  tens ion  of su lpha tes  is f a i r l y  high, 0.20 N m-l f o r  NapSO4 
and 0 . 1 4  N m-l f o r  K2S04 near t h e i r  r e spec t ive  mel t ing  poin t  temperatures 
( 2 5 , 2 6 ) .  Thus work of cohesion of  molten su lpha te  layer  i n  b o i l e r  depos i t  l a  
between 0 . 3  and 0.4 N m-l  and the  work of adhesion is higher because of a low 
contac t  angle  a t  the  su lpha te / tube  su r face  i n t e r f a c e .  It is therefore  t o  be  
expected and i t  is observed i n  p rac t i ce  t h a t  when the depos i t  is removed, e.g. by 
sootblowing, t he re  remains a f i lm  of su lpha te  adhering t o  b o i l e r  tubes.  The 
sur face  tens ion  of c o a l  a s h  s l ag  has been measured previous ly  by the  s e s s i l e  drop 
method (27)  and a t y p i c a l  value was 0 . 3  N m-l .  
su lpha tes  and thus  t h e  work of adhesion (Equation 9 )  and t h e  cohesive bond 
s t r eng th  are corresponding higher a t  the s l a g / s o l i d  i n t e r f a c e .  

It is about twice t h a t  of 

Only a smal l  amount of l i q u i d ,  about a hundred molecule th i ck  l a y e r ,  is 
s u f f i c i e n t  f o r  t h e  adhes ion  contac t  of sub-micron diameter p a r t i c l e s  (28). In 
the  case of a v o l a t i l e  l i q u i d ,  t h e  equi l ibr ium th ickness  of  the  f i lm ,  and thus 
the  adhesion, v a r i e s  w i th  p a r t i a l  p ressure  of t he  vapour i n  the  surrounding 
atmosphere. When evapora t ion  from s l i q u i d  f i lm  occurs ,  as a r e s u l t  of increased  
temperature,  the  adhes ion  f i r s t  r i s e s  t o  a maximum value due t o  the  meniscus 
e f f e c t  b u t  i t  b reaks  down a s  the f i lm  th ickness  is reduced t o  molecular 
dimensions. However, b e f o r e  the break-down of t he  sur face  tens ion  chemical and 
mechanical bonds may develop between the depos i ted  a sh  and b o i l e r  tube su r face .  

MECHANICAL. AND CHEMICAL BONDING 

Ash depos i t s  on b o i l e r  tubes can be keyed t o  the  su r face  of meta l  oxide 
by mechanical and chemical bonds. Mechanical bonding is enhanced by extending 
sur face  a t  the  i n t e r f a c e  a s  shown i n  Fig. 6a. 
thus  have an  extended su r face  t h a t  is f u r t h e r  increased  by oxida t ion  and chemical 
r eac t ions  between the  oxide  l aye r  and ash depos i t s .  It is t he re fo re  ev ident  t h a t  
a comparatively rough su r face  of b o i l e r  tubes  c o n s t i t u t e  an  anchorage f o r  keying 
a sh  depos i t s  t o  the  h e a t  exchange elements.  

Boi le r  tubes  a r e  not polished and 
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Die tze l  (29) and Sta ley  (30) have proposed t h a t  the  chemical r e a c t i o n s  
a t  a enamel/metal i n t e r f a c e  can be  considered i n  terms of e l e c t r o l y t i c  c e l l s  set 
up between the metals of d i f f e r e n t  electro-chemical po ten t i a l .  
suggested t h a t  cobal t  OK n i cke l  p rec ip i t a t ed  in the  enamel when i n  contac t  wi th  
s t e e l  su r f ace ,  forms shor t -c i rcu i ted  l o c a l  c e l l s  in which i r o n  is the  anode. The 
cu r ren t  flows from i ron  through the  melt  t o  coba l t  and back t o  i ron .  The r e s u l t  
is t ha t  i ron  goes i n t o  so lu t ion ,  the  sur face  becomes roughened, and the  enamel 
ma te r i a l  anchors i t s e l f  i n t o  the c a v i t i e s  aa  shown i n  Fig. 6b. 

It has  been 

The ga lvanic  r eac t ions  w i l l  t ake  p lace  a t  a much f a s t e r  r a t e  i n  the  low 
Viscos i ty  phase of su lpha tes  i n  b o i l e r  depos i t  than  t h a t  i n  h ighly  v iscous  
s i l i c a t e  g l a s s .  However, rap id  r eac t ions  a t  the  tube su r face /depos i t  i n t e r f a c e  
may not be necessary or  appropr ia te  fo r  development of a s t rong  bond between the  
a sh  depos i t  and b o i l e r  tubes.  In meta l /g lass  s e a l  and metal/enamel coa t ing  
technology, the  adhesive bonds formed on hea t ing  have t o  be completed i n  a few 
hours,  whereas those i n  b o i l e r  depos i t s  can form over a period of days o r  weeks. 
The adhesive bond between the metal  sur face  and a s i l i c a t e  ma te r i a l  can be h igh  
when there  is a gradual r a the r  than abrupt  change i n  t h e  g l a s s  phase composition 
near the  in t e r f ace  (31). 

When the ash depos i t  is brought i n  in t ima te  con tac t  with the  sur face  of 
b o i l e r  tubes e i t h e r  by the  ac t ion  of sur face  t ens ion  o r  by t h e  ga lvanic  
r eac t ions ,  the con t ro l l i ng  parameter i n  mechanical bonding is the  s t r e n g t h  of t h e  
g l a s sy  phase a t  the  narrowest c ross  s e c t i o n a l  a rea  of con tac t  c a v i t i e s  (Fig. 6b) .  
The annealed g l a s s  may have a t e n s i l e  s t r eng th  of around 50 MN m-’ g iv ing  a 
maximum bond s t r eng th  of 35 MN m-’. 
s t ronger  or weaker depending on whether the  condi t ions  in the  keying c a v i t i e s  
increase  o r  decrease l o c a l  f laws and r e s u l t a n t  s t r e s s e s .  

However, the  g l a s s  a t  t h e  i n t e r f a c e  may be  

Chemical bonds, covalent o r  i o n i c  a s  ahown i n  Fig. 6c  and d, a t  t he  
metal  oxide/deposit  sur face  a r e  p o t e n t i a l l y  s t rong  wi th  t h e o r e t i c a l  va lues  over 
lo9 N m-*. 
s i z e  of contac t  a r eas  a t  the  in t e r f ace  where the  chemical bonds may be e f f e c t i v e .  
I n  any case ,  t he  cohesive s t r eng th  of the  depos i t  ma t r ix  is t he  l i m i t i n g  f a c t o r  
s ince  i t  is lower than t h a t  of chemical bonds by seve ra l  Orders of magnitude. In  
p rac t i ce ,  t h i s  means t h a t  when a s t rong ly  adhering depos i t  is subjec ted  t o  a 
des t ruc t ive  fo rce ,  e.g. sootblower j e t ,  f a i l u r e  occurs wi th in  the depos i t  ma t r ix  
and there  remains a r e s i d u a l  l aye r  of a sh  ma te r i a l  f i rmly  bonded t o  the  tube 
sur face .  

ADHESION OF ASH DEPOSITS ON FERRITIC AND AUSTENITIC STEELS 

It is, however, impossible t o  es t imate  the  number of s i t e s  and the  

The adhesion bond s t r eng th  of soda g l a s s  on a metal  s u b s t r a t e  has  been  
determined by hea t ing  a g l a s s  d i s c  sandwiched between two meta l  d i s c s  i n  a 
v e r t i c a l  furnace (32). The technique has  been adopted f o r  measuring the  s t r eng th  
of  the adhesive bond developed when a b o i l e r  depos i t  was sandwiched between two 
d i s c s  of f e r r i t i c  o r  a u s t e n i t i c  s t e e l s  (33). The depos i t  ma te r i a l  was taken 
immediately a f t e r  b o i l e r  shut-down from the  superhea ter  tubes of a pulver ized  
coa l  f i r e d  b o i l e r  fue l l ed  with a mixture of East  Midlands, UK coa l s .  The f l u e  
gas temperature i n  the  superhea ter  p r io r  t o  b o i l e r  shut-down w a s  about 1300 K and 
the tube metal temperature was 850 K. The depos i t  ma te r i a l  cons is ted  of 30 per 
cen t  of a lka l i -meta l  su lpha te s  i n  weight r a t i o  of 2 t o  1 of Na2S04 t o  K2S04, t he  
remainder be ing  s i l i c a t e  ash .  A l ayer  of depos i t ,  3 mm th i ck ,  was sandwiched 
between two metal  d i s c s ,  20 mm i n  diameter,  made of b o i l e r  tube s t e e l s  and then 
heated i n  a v e r t i c a l  furnace.  After a time i n t e r v a l  l a s t i n g  from one t o  25 days 
the  bond was ruptured  by applying a t e n s i l e  fo rce  without p r i o r  Cooling. 

The r e s u l t s  i n  Fig.  7 show t h a t  the  s t r eng th  of adhesive bond between 
the  f e r r i t i c  s t e e l  sample and b o i l e r  depos i t  increased  exponen t i a l ly  with 
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temperature in the  range of 775 t o  900 K. Similar r e s u l t s  were.obtained b y  
Moza et a l .  (34) who used a d rop le t  technique t o  measure the  adhesive bond of 
c o a l  ash s l a g  on a f e r r i t i c  s t e e l  t a r g e t  i n  the  temperature range of 700 t o  
950 K. 

The r e s u l t s  p l o t t e d  in Fig. 8 shows t h a t  t h e  s t r e n g t h  of adhesive bond 
of  a sh  depos i t  on bo th  the  f e r r i t i c  and a u s t e n i t i c  s t e e l s  increased  approximately 
l i n e a r l y  wi th  t i m e  a t  900 K. However, t he  bond s t r e n g t h  of depos i t  on the  
a u s t e n i t i c  s t e e l  (Type 18Cr13NiNb) was s i g n i f i c a n t l y  lower than t h a t  between the  
depos i t  and 9 C r - f e r r i t i c  s t e e l .  The l a t t e r  r e su l t ed  from the  thermal and 
chemical compa t ib i l i t y  of the  s t e e l  oxide l a y e r  and depos i t  ma te r i a l  (35) .  Table 
1 shows approximate va lues  of t h e  c o e f f i c i e n t  of thermal expansion of the  
f e r r i t i c  and a u s t e n i t i c  s t e e l s ,  some oxides and s i l i c a t e  ma te r i a l s  (36).  

Table 1: Coef f i c i en t  of Thermal Expansion of Boi le r  Tube S tee l s ,  

Oxides and S i l i c a t e s  

Material Thermal Expansion, @ K-l 

S t e e l s  

Mild S t e e l  and F e r r i t i c  S t e e l s  11 t o  12 x 10-6 

Aus ten i t i c  S t e e l s  16 t o  18 x 

Oxides 

Tube Metal Oxides 8 t o  10 x 

(FegO,,, C r q O j ,  NiO) 

Deposit  Cons t i t uen t s  

Glassy Mate r i a l  6 t o  9 x 

Quar t z  ( C r y s t a l l i n e )  5 t o  8 x 

S i l i c a t e s  in Fired  Brick 7 t o  8 x 

The da ta  in Table 1 show t h a t  the  c o e f f i c i e n t  of thermal expansion of 
mi ld  steel and f e r r i t i c  s t e e l s  is not  g r e a t l y  d i f f e r e n t  from tha t  of t h e i r  oxides 
and the a s h  depos i t  cons t i t uen t s .  It is t he re fo re  ev ident  t h a t  t he re  is no g ross  
incompa t ib i l i t y  i n  t h e  thermal expansion c h a r a c t e r i s t i c s  and s t rong ly  bonded ash  
depos i t s  once formed on mild steel tubes a r e  not e a s i l y  dislodged on thermal 
cyc l ing .  

In  c o n t r a s t ,  t he  thermal expansion of a i l s t e n i t i c  s t e e l  i s  s i g n i f i c a n t l y  
h ighe r  than t h a t  of t h e  oxides  and depos i t  ma te r i a l .  
depos i t ,  the  oxide m a t e r i a l  in the  form of t h i n  l a y e r  is ab le  t o  absorb thermal 
s t r e s s e s  and the adhes ive  l a y e r  remains i n t a c t  on cooling. However, i t  appears 
t h a t  t h e  oxide l a y e r  is unable t o  absorb thermal s t r e s s e s  in a s imi l a r  manner 
when contaminated and cons t ra ined  by bonded a sh  depos i t s .  It is t he re fo re  a 
u sua l  Occurrence t h a t  ash  depos i t s  pee l  of f  the  a u s t e n i t i c  s t e e l  tubes  on cooling 
whereas the  depos i t  formed on f e r r i t i c  s t e e l s  under the  same condi t ions  remain 
f i rmly  a t t ached  t o  t h e  tubes .  

In the  absence of b o i l e r  

! 
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King e t  a l .  (22) have suggested t h a t  i n  order  t o  ob ta in  good adherence 
o f  enamel coa t ings  on me ta l s ,  the enamel ma te r i a l  a t  the  i n t e r f a c e  must become 
sa tu ra t ed  wi th  the  metal oxide,  e.g. FeO of f e r r i t  s t e e l s .  Coal ash  d e p o s i t  on 
b o i l e r  tubes con ta ins  between 5 and 25 per  cent  i r o n  oxide (Fig. 1) and thus  the  
l aye r  a t  the tube /depos i t  i n t e r f ace  becomes s a t u r a t e d  wi th  FeO. The chromium and 
n i c k e l  conten ts  of ash depos i t  a r e  low and thus  the same chemical compa t ib i l i t y  
s t age  is not reached a t  the  a u s t e n i t i c  s t e e l / d e p o s i t  i n t e r f a c e .  

The adhesive bond between b o i l e r  a s h  depos i t  and the  su r face  of 
f e r r i t i c  s t e e l s  can a t t a i n  except iona l ly  h igh  s t r eng ths .  
examining the depos i t s  formed on d i f f e r e n t  s t e e l  specimens t e s t e d  i n  an 
experimental  superhea ter  loop. Favourable cond i t ions  f o r  the  formation of f i rmly  
bonded depos i t s  were a s  follows: 

This was found on 

( a )  The i ron  oxide conten t  of coa l  was above 20 per cen t  expressed a s  FezOg 
g iv ing  an i r o n  sa tu ra t ed  l aye r  of depos i t  on the  tube specimens. 

(b)  The a sh  c o l l e c t i n g  sur face  was a 5 per cen t  chromium f e r r i t i c  s t e e l  
which formed an  oxide l aye r  s t rong ly  adhering t o  meta l  f o r  a f i rm  
anchorage of depos i t s .  

(c )  The tube metal  temperature was h igh ,  950 K ,  which enhanced t h e  
formation of s t rong  adhesive bond. The f l u e  gas temperature a t  t h a t  
pos i t i on  was approximately 1250 K. 

( d )  The f e r r i t i c  test piece i n  the  experimental  loop was she l t e red  from 
d i r e c t  ac t ion  of sootblower. Weak turbulence caused by  the  je t  removed 
some of the uns in te red  s i l i c a  ash  leaving  i ron  r i c h  depos i t  f i rmly  
bonded t o  the tube.  The i ron  r i c h  depos i t  had grown i n  th ickness  t o  
about 20 mm a f t e r  nine months, and cohesive s t r e n g t h  of the  depos i t  
m a t e r i a l  increased  towards the  sur face  of tube metal .  The microscopic 
examination showed t h a t  there  was no marked i n t e r f a c e  boundary between 
the ash  depos i t  and metal  .oxide. 

FORMATION OF LAYER STRUCTURE DEPOSITS AND SLAG MASSES 

The coa l  ash  depos i t s  on b o i l e r  tubes have f r equen t ly  a s epa ra t e  zone 
s t r u c t u r e  with a su lpha te  r i c h  l aye r  up t o  2 mm t h i c k  under the  mat r ix  of 
s in t e red  ash (35). The ou te r  l aye r  is porous and i t  c o n s t i t u t e s  a pathway f o r  
t h e  enrichment of a lka l i -meta ls  i n  the  depos i t  l a y e r  next t o  tube su r face .  The 
d i f fusab le  spec ie s  may be su lpha te ,  ch lo r ide ,  oxide or hydroxide,  b u t  t h e  
thermodynamic d a t a  (8) and the r e s u l t s  of depos i t i on  measurements i n  c o a l  f i r e d  
b o i l e r s  (Fig.  3) suggest t h a t  sodium and potassium su lpha tes  a r e  the  p r i n c i p a l  
vapour spec ies  which d i f f u s e  through a porous mat r ix  of s i l i c a t e  ash depos i t .  

The r e l a t i v e  amounts of NazS04 and KZSO4 which d i f f u s e  through the  
s in t e red  matrix of s i l i c a t e  ash  depend on the  temperature g rad ien t  a c r o s s  the 
depos i t  l aye r ,  vapour pressure  of the  spec ie s  and thermodynamic s t a b i l i t y  of t h e  
su lpha tes  i n  the presence of s i l i c a t e s .  
temperature s t a b i l i t y  l i m i t  when compared with t h a t  of sodium su lpha te  and a s  a 
r e s u l t  K2S0,, can be p r e f e r e n t i a l l y  t ranspor ted  t o  the  su r face  of cooled b o i l e r  
tubes when there  is a s t eep  temperature g rad ien t  ac ross  the  ash  depos i t .  The 
KZS0,, r i c h  phase, when molten, can cause severe cor ros ion  of tube metal. 

Potassium su lpha te  has a h igher  

The cor ros ion  product ,  a mixture of ox ide ,  su lphide  a t  the meta l  
i n t e r f a c e  and su lpha te  ou t s ide ,  has a weak adhesive bond t o  the  metal  sur face  and 
cannot support  l a r g e  depos i t  masses. It is t he re fo re  unusual t o  f ind  excess ive  
amounts of s in t e red  ash  depos i t s  and fused s l a g  i n  the  exac t  l o c a l i t i e s  where 
severe high temperature cor ros ion  occurs .  Conversely, a s t rong ly  adhering ma t r ix  
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of  s in t e red  ash  d e p o s i t  in the  absence of su lpha te ,  su lphide  or  ch lo r ide  phases 
is not markedly co r ros ive .  

The build-up of b o i l e r  tube depos i t s  is a continuously changing process 
as  depicted in Fig. 9. When the  depos i t  ma te r i a l  reaches a th ickness  of 2 t o  
3 mm (Fig.  9a) the  sepa ra t e  su lpha te  and s i l i c a t e  phases occur (Fig.  9b). 
Subsequently,  the  su lpha te  l aye r  d i sappears  in t he  middle sec t ion  (F ig .  9c)  
allowing a s t rong  bond t o  b e  e s t ab l i shed  between the  s i n t e r e d  a s h  depos i t  and 
f e r r i t i c  steel b o i l e r  tubes .  This is t he  " c l a s s i c a l "  mode of formation of  
superhea ter  tube depos i t  when the  metal temperature is in t he  range of 750 t o  
900 K. Above 950 K t h e  l a y e r  s t ruc tu red  depos i t s  a r e  less l i k e l y  t o  occur and a 
s t rong  adhesive bond is r a p i d l y  formed between the  s i l i c a t e  ash  depos i t s  and the 
h igh  t e m p e r a t u r e  tube  sur face .  

A notab le  f e a t u r e  of s l a g  formed in pulver ized  c o a l  f i r e d  b o i l e r  is i t s  
va r i ab le  g a s  hole po ros i ty .  Burning coa l  p a r t i c l e s  a r e  incapsula ted  in t h e  
depos i t  l a y e r  and gene ra t e  CO and C 0 2  i n s i d e  t h e  s i l i c a t e  ma te r i a l  (27) r e s u l t i n g  
in a h ighly  porous s l ag .  The dens i ty  of s l a g  w i l l  i nc rease  when the  encapsulated 
coa l  p a r t i c l e s  a r e  consumed and gas  bubbles have escaped. 

It has been  observed t h a t  new b o i l e r s  have an "immunity" period l a s t i n g  
weeks o r  months b e f o r e  severe  s l ag  build-up occurs .  This  is p a r t l y  due t o  the  
f a c t  t h a t  dur ing  the  commissioning period the  b o i l e r  r a r e l y  reaches  f u l l  load  
output .  However, i t  may a l s o  be p a r t l y  due t o  a slow r a t e  of formation of the  
in t e r f ace  l a y e r  on b o i l e r  tubes  which is ab le  t o  have a s t rong  adhesive bond t o  
r ap id ly  forming a s h  s l a g  and thus ab le  t o  support  l a rge  masses of depos i t .  

CONCLUSIONS 

I n i t i a l  Deposit  

The i n i t i a l  depos i t  ma te r i a l  on cooled tubes  in coa l  f i r e d  b o i l e r s  
c o n s i s t s  l a r g e l y  of flame v i t r i f i e d  s i l i c a t e  a sh ,  iron oxide ,  and calcium and 
a l k a l i - m e t a l  su lpha te s .  
reducing cond i t ions  some iron and calcium su lph ides  can be present .  

Trace amounts of ch lo r ide  w i l l  a l s o  depos i t  and under 

Phase Separa t ion  

Most c o a l s  leave  an ash res idue  which is pyrochemically a c i d i c ,  and the 
a lka l i -meta ls  and calcium a r e  d i s t r i b u t e d  in t he  s i l i c a t e  and su lpha te  phases 
under oxid iz ing  condi t ions .  
immiscible and s e p a r a t e  i n t o  two phases. 
adhesion of ash  t o  b o i l e r  tubes  and l eads  t o  the  formation of l a y e r  s t r u c t u r e d  
depos i t s .  

The fused s i l i c a t e s  and molten su lpha tes  a r e  
The phase sepa ra t ion  enhances the  

I n i t i a l  P a r t i c l e  Adhesion 

I n i t i a l l y  t h e  s m a l l  p a r t i c l e s  of ash ,  below 1 pm in diameter a r e  held 
a t  the su r face  of b o i l e r  tubes  by the  van der  Waals and e l e c t r o s t a t i c  a t t r a c t i o n  
forces .  
su r f ace ldepos i t  i n t e r f a c e  and only a small amount of l i q u i d ,  about one hundred 
molecules t h i c k  is s u f f i c i e n t  fo r  bonding.. 

Subsequently a f i l m  of molten sulphate may form at the  tube 

Strong Adhesive Bond of Deposits on F e r r i t i c  S t e e l s  

Strong adhes ive  bonds can form between the  oxidized su r face  of f e r r i t i c  
steels and i r o n  r i c h  a sh  because of the composition and thermal expansion 
compa t ib i l i t y  of t h e  metal  oxide and s i l i c a t e  a s h  depos i t .  
s t r e n g t h  inc reases  exponen t i a l ly  wi th  temperature of t he  t a r g e t  su r f ace  in the  

The adhesive bond 
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range of 750 t o  950 K. The bond s t r e n g t h  can reach h igh  va lues ,  t h a t  is, higher  
than the cohesive s t r eng th  of s i n t e r e d  ash  depos i t s  a t  temperatures above 850 K. 

Weak Adhesive Bond of Deposits on Aus ten i t i c  S t e e l s  

The adhesive bond between the  a u s t e n i t i c  s t e e l  sur face  and a sh  d e p o s i t  
is r e l a t i v e l y  weak a s  a r e s u l t  of the composition and thermal incompa t ib i l i t y  of 
the steel oxide and the  s i l i c a t e  ma te r i a l .  The temperature f l u c t u a t i o n s  on 
changeable b o i l e r  load condi t ions  can cause s u f f i c i e n t l y  high thermal stresses 
for depos i t  t o  sk id  o f f  the  a u s t e n i t i c  s t e e l  tubes .  

Boi le r  Tube/Ash Deposit  I n t e r f a c e  

The b o i l e r  tube/ash depos i t  i n t e r f a c e  l aye r  which can  suppor t  l a r g e  
masses of s l ag  formed in the  combustion chamber takes  seve ra l  months t o  develop. 
Thus the  f u l l  ex t en t  of b o i l e r  slagging may no t  become evident  during the 
commissioning period of new b o i l e r  p l an t .  
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CENTRAL ELECTRICITY RESE ARCH LABORATORIES REF. RO/L/ 

A - COAL MINERALS B - GAS BORNE C - PROBE DEPOSIT DI D2 
ASH OUTER AND INNER LAYERS 

OF BOILER DEPOSIT 

FIG. 1 ASH COMPOSITION CHANGES ON ROUTE FROM MINERAL 
MATTER TO BOILER TUBE DEPOSITS 

@ IN SOLUBLE SILICATES SOLUBLE SILICATES 

PYRITES IRON OXIDES CARBONATES 

CHLORIDES 0 SULPHATES 
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FIG. 2 DEPOSITION OF SULPHATE AND CHLORIDE IN 
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-2 - I  

LOGlo PARTICLE TO SURFACE DISTANCE, p m  

FIG. 5 COMPARISON OF VAN DER WAALS AND GRAVITATIONAL 
FORCES ON ASH PARTICLES NEAR COLLECTING SURFACES 

P A R T I C L E  D I A M E T E R ,  p m  

A - 0.01; 6 - 0.1; C - 1.0; D -  10.0 
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TWO PHASES AT 1575K 

FIG. 3 2K2S04 - K20 - 2.1 SiOz DROPLET IN HEATING MICROSCOPE (0.5 mm GRID) 

I 

IO0 

6 

0 50 100 
Si02 + 

FIG. 4 MISCIBILITY GAP IN K2SOq-K20-Si02 SYSTEM AT 1575 K 

A,  SINGLE PHASE 6, TWO PHASES C, LIQUID + SOLID SiOz 
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(e) HYPOTHETICAL STRUCTURE 
OF FERROUS SILICATE GLASS 

(d) CHEMICAL BOND AT IRON/SILICATE 
INTERFACE 

FIG. 6 SCHEMATIC REPRESENTATION OF MECHANICAL AND CHEMICAL BONDS AT -- 
BOILER TUBE/ASH DEPOSIT INTERFACE 
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